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ABSTRACT 28 
The South Pacific (SP) region exerts large control on the climate of the Southern 29 
Hemisphere at many times scales. This paper identifies the main modes of interannual sea 30 
surface temperature (SST) variability in the SP which consist of a tropical-driven mode 31 
related to a horseshoe structure of positive/negative SST anomalies within midlatitudes and 32 
highly correlated to ENSO and Interdecadal Pacific Oscillation (IPO) variability, and 33 
another mode mostly confined to extratropical latitudes which is characterized by zonal 34 
propagation of SST anomalies within the South Pacific Gyre.  35 
Both modes are associated with temperature and rainfall anomalies over the continental 36 
regions of the Southern Hemisphere. Besides the leading mode which is related to well 37 
known warmer/cooler and drier/moister conditions due to its relationship with ENSO and 38 
the IPO, an inspection of the extratropical mode indicates that it is associated with distinct 39 
patterns of sea level pressure and surface temperature advection. These relationships are 40 
used here as plausible and partial explanations to the observed warming trend observed 41 
within the Southern Hemisphere during the last decades.  42 
43 
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1. Introduction46 
47 
Most of the scientific literature on climate variability within the Pacific region focuses on 48 
the tropical belt where the amplitude of El Niño-Southern Oscillation (ENSO) is largest and 49 
also on the North Pacific, mainly due to its effects over North America (e.g. Latif and 50 
Barnett 1994; Gershunou et al. 1999; Hurwitz et al. 2012; Lienert and Doblas-Reyes 2013). 51 
However, considerably less attention has been devoted to the South Pacific (SP) in spite of 52 
its significant role on the climate of the Southern Hemisphere. Morioka et al. (2013) 53 
suggest that this issue may be attributed to the lack of long-term in situ data over that 54 
region where sufficient basin-wide information exists only since the 1980s (their Fig. 1). 55 
The SP basin, considered in this study as the region extending from Australia to the west 56 
and South America to the east, and from 20ºS to 65ºS (Fig. 1), encompasses the largest 57 
oceanic gyre in the world, the South Pacific Gyre, and is characterized by pronounced 58 
oscillations on intra- to multi-seasonal (Guan et al. 2014) and on interannual and longer 59 
(Karoly et al. 1989; White and Peterson 1996; Linsley et al. 2000) time scales. These 60 
oscillations are tightly related to sea surface temperature (SST) variability in the equatorial 61 
Pacific region (Kidson and Renwick 2002; Shakun and Shaman 2009) through the Pacific-62 
South American (PSA) mode (Karoly et al. 1989) but are also connected to higher latitudes 63 
via the Antarctic Circumpolar Wave (ACW; White and Peterson 1996). In fact, Peterson 64 
and White (1998) showed that SST anomalies that feed the ACW actually originate in the 65 
western subtropical SP region, while White et al. (2002) concluded that there is a positive 66 
feedback between the ACW and ENSO through propagation of SST anomalies within the 67 
SP and Indian Ocean basins. At lower frequencies, a recent paper by Tatebe et al. (2013) 68 
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shows that decadal and bi-decadal variability in the tropical Pacific have their origin in sub-69 
surface temperature anomalies over the SP.  70 
Of the various modes of climate variability that impact the SP region, ENSO and the 71 
Interdecadal Pacific Oscillation (IPO; Power et al. 1999) are those which explain the largest 72 
portion of variance on interannual to interdecadal time scales (Linsley et al. 2000; Shakun 73 
and Shaman 2009). However, more research is needed to fully characterize the other 74 
dominant modes of SST variability in this basin. 75 
Among the few papers dealing with the SP region, Barros and Silvestri (2002) studied the 76 
joint variability of SST in the subtropical SP and precipitation over southeastern South 77 
America and concluded that SST oscillations explain almost 25% of the variance of rainfall 78 
over the continent during late austral spring even in the absence of El Niño or La Niña. 79 
Montecinos and Pizarro (2005) used Combined Complex Empirical Orthogonal Functions 80 
(CCEOF) to analyze the covariability of SST and sea level pressure (SLP) anomalies over 81 
the SP and found how decadal to bi-decadal SST variability over the western coasts of 82 
South America is related to zonal wind stress anomalies over the tropical Pacific. More 83 
recently, Ballester et al. (2011) reported that SST anomalies over selected regions within 84 
the SP can be used as precursors to the onset of El Niño and La Niña events. They defined a 85 
dipole index using SST anomalies in two regions to the north of the Ross and 86 
Bellingshausen Seas and concluded that the intensity of the dipole can be used to predict 87 
the onset of ENSO events almost 9 months in advance. Morioka et al. (2013) used 88 
observations as well as simulations performed with a coupled GCM to prove that 89 
interannual SST variability in the SP region is partly controlled by changes in the depth of 90 
the oceanic mixed layer, which alter the intensity of the sensible/latent heat fluxes towards 91 
the atmosphere and thus the SST anomalies. They also found a relationship with the 92 
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location of specific centers of SLP anomalies which act to strengthen this process. Salinger 93 
et al. (2001) characterized the linkage between the IPO and surface pressure, temperature 94 
and rainfall anomalies over the southwestern SP region. 95 
The non-stationary nature of the IPO has also affected the SP region in the last decades. 96 
Recently, Jacques-Copper and Garreaud (2015) identified the changes in surface air 97 
temperature, SLP and precipitation before and after the IPO shift of the mid-1970s. They 98 
concluded that in fact statistically significant changes in these fields could be attributed to 99 
the phase shift of the IPO. At the same time, Dong and Dai (2015) found that models 100 
included in the CMIP3 and CMIP5 experiments are accurate in their representation of IPO-101 
related climate variability in the Pacific basin, which could result in a promising tool for 102 
near- and long-term climate predictions over the region. 103 
The objective of this study is to characterize the main modes of SST variability in the SP 104 
region restricting the area of analysis to subtropical and extratropical latitudes from 20°S to 105 
65°S by means of observational SST data. The choice of this latitude band is to avoid direct 106 
effects related to ENSO within the tropical band and also others related to sea ice, which 107 
are important during the cold season poleward of about 65°S. Of particular interest is the 108 
identification of periodicities at interannual and longer time scales which could be a 109 
promising source for interannual-to-decadal climate prediction studies and also their links 110 
to ENSO- and IPO-driven variability as reported in previous works (Power et al. 1999; 111 
Power et al. 2006). The sections of this paper are as follows: Section 2 describes the SST 112 
data as well as the statistical methodology used in the paper. Section 3 includes the 113 
characterization of the modes of interannual SST variability, their periodicities and trends, 114 
as well as the impact of SP SST variability on changes in temperature and precipitation 115 
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within the Southern Hemisphere. Finally, Section 4 consists of a discussion of results and 116 
the concluding remarks. 117 
 118 
2. Data and methods 119 
 120 
SST data comprises monthly mean values taken from version 1.1 of the HadISST dataset 121 
(Rayner et al. 2003) which has a horizontal resolution of 1°x1° and includes in-situ 122 
measurements from the Met Office Marine Data Bank as well as satellite-derived SST 123 
information starting in 1982. It is important to stress that before 1982 there is a noticeable 124 
lack of measurements over this basin; therefore, the period of analysis runs from January 125 
1982 to December 2015 (34 years). This study uses annual mean values of SST, so the 126 
original monthly values were averaged to derive 34 values (one per year) for every grid 127 
point. Unless stated otherwise, trends throughout the paper were computed as the slope of 128 
the linear regression of SST anomalies onto the global mean temperature following the 129 
technique of van Oldenborgh et al. (2009). The Mann-Kendall test (Mann 1945; Kendall 130 
1955) was used to assess significance of the trends considering a confidence level of 5%. 131 
The statistical methods used to identify the main modes of variability of annual SST 132 
anomalies include Empirical Orthogonal Functions (EOF) as well as Complex EOF 133 
(CEOF; Wallace and Dickinson 1972; Horel 1984; Venegas et al. 1998). The CEOF 134 
technique is useful to study periodicities in modes of variability: it decomposes the 135 
variability into real and imaginary spatial maps which are amplified by real and imaginary 136 
time-varying coefficients (White and Annis 2004) which, taken together, characterize the 137 
main modes of variability in the original spatiotemporal dataset as a function of the phase 138 
in periodic spatial coefficients and periodic temporal scores (Ballester et al. 2011). This 139 
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statistical tool is particularly suitable when propagation is evident in the observed features 140 
(in this case, SST anomalies).  141 
The potential relationships between variability in SST and in the atmosphere were analyzed 142 
by means of correlation analysis between the time series of the leading modes of SST 143 
variability in the SP region and precipitation and temperature anomalies within the 144 
Southern Hemisphere. Precipitation data was obtained from the GPCC dataset (Schneider et 145 
al. 2014) with a horizontal resolution of 1°x1°, while temperature data was taken from 146 
version 3 of the Global Historical Climatology Network (GHCN; Lawrimore et al. 2011) 147 
which resolution is 0.5°x0.5°. The relationships between the observed modes of SST 148 
variability in the SP region and other known modes of climate variability were explored 149 
using the time series of the El Niño 3.4 (N3.4) and IPO indices for the whole period 1982-150 
2015. The N3.4 index is here considered as a proxy of ENSO variability (e.g. Trenberth 151 
1997). In all correlation significance tests, the effective degrees of freedom have been 152 
considered taking into account the autocorrelation of the corresponding time series (Wilks 153 
2011).  154 
The analysis on the partial attribution of the observed temperature trends towards the end of 155 
the paper was performed using data of annual mean 10-mts u and v wind components, SLP 156 
and 2-mts temperature from the 20th Century Reanalysis (Compo et al. 2011) and the 157 
NCEP/NCAR Reanalysis I (Kalnay et al. 1996). 158 
 159 
3. SST variability in the SP region 160 
 161 
Fig.1 shows the annual mean SST field derived from HadISST along with the observed 162 
trend for the whole period of analysis, 1982-2012. The mean field is characterized by a 163 
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north-south gradient along with relatively cooler waters near the western coast of South 164 
America related to upwelling. The intensity of the meridional gradient increased along the 165 
period of analysis as can be inferred from the trends: positive north of about 40°S and null 166 
or negative south of 50°S. The largest positive trends are found east of Australia and east of 167 
New Zealand, covering much of the subtropical western SP region. These and the negative 168 
trends around 55-60°S are significant (5% confidence) according to the Mann-Kendall test. 169 
Overall, this trend pattern looks very similar to that derived by England et al. (2014) in 170 
spite of them using a shorter time period (1992-2011).  171 
 172 
a. EOF and CEOF analysis 173 
In the context of this study, EOFs represent the main modes of SST variability on 174 
interannual timescales. Fig. 2 shows the spatial structures of the leading modes of 175 
interannual SST variability as derived from the EOF analysis. The first mode (EOF1), 176 
which explains more than 39% of the variance, is related to a dipolar pattern with 177 
anomalies of opposite sign centered around 35ºS, 160°W and 60ºS, 130ºW (usually called 178 
the South Pacific Ocean Dipole or simply SPOD; Huang and Shukla 2006) that covers from 179 
the central SP to the coasts of South America. This pattern is characterized by a horseshoe 180 
structure with positive (negative) anomalies located on subtropical regions of both the 181 
Northern (not shown) and Southern Hemispheres, and negative (positive) anomalies 182 
centered on the eastern tropical Pacific (e.g. Rasmusson and Carpenter 1982). Previous 183 
works found that this pattern is related to significant variability in the climate of the 184 
Southern Hemisphere, particularly over central and southern South America (e.g. Grimm et 185 
al. 2000; Da Silva et al. 2011) and in areas as far as Antarctica, where the sea ice 186 
concentration and cover are affected (Stammerjohn et al. 2008). It is worth noting that here 187 
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the EOF analysis is applied to the original data (i.e. without removing the trends), which 188 
allows for the inspection of trends in these modes. In fact, the principal component (PC) 189 
associated with this EOF (Fig. 2d) depicts interannual variability with a positive and 190 
significant trend along the period of analysis. 191 
Besides EOF1, when EOF2 and EOF3 are considered together more than 22% of the 192 
variability is added. Fig. 2b-c and 2e-f show the second and third leading EOFs and their 193 
associated PCs, respectively. As opposed to the horseshoe structure of EOF1, EOF2 and 194 
EOF3 are characterized by SST anomalies placed along the midlatitudes. It is interesting to 195 
note that the North test (North et al. 1982) indicates that both EOFs are not clearly 196 
separated in terms of variance, suggesting that both could actually be part of a single mode 197 
of variability. Regardless, the PC associated with EOF2 shows a positive and significant 198 
trend while the weak negative trend affecting EOF3 is not significant. The nature of this 199 
pair of EOFs is explored later via the CEOF analysis.  200 
Table 1 lists the correlation coefficients computed between the time series of the three 201 
EOFs and the time series of N3.4 and IPO. The time series of PC1 is highly correlated with 202 
both ENSO and the IPO (significance exceeding 1%), while that related to PC2 is only 203 
correlated with the IPO but in this case confidence does not exceed 5%. Correlations 204 
derived for PC3 are low and not significant. 205 
CEOF is here applied to look for potential propagation of the SST anomaly features. Fig. 3 206 
shows the first mode resulting from the CEOF analysis applied to unfiltered SST data 207 
(CEOF1). The structures at phases 0° and 180° (which, by definition, are the same but with 208 
opposite sign) clearly depict the patterns associated with La Niña and El Niño, respectively, 209 
much like EOF1. However, this methodology also allows detecting how these anomalies 210 
evolve between El Niño/La Niña events, which becomes clear when CEOF1 is taken at 211 
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intermediate times. For instance, during the dissipation stage of El Niño and La Niña events 212 
the horseshoe structure typical of ENSO weakens and the SPOD pattern also becomes 213 
much less marked. The magnitude of the SST anomalies tend to maximize close to 45°S, 214 
150°W and over the eastern coasts of Australia, followed by weakening and propagation 215 
towards the southeast. The amount of variance explained by this mode is 43.6%. 216 
In order to identify any differences in the modes of propagation as a function of the 217 
frequency of the SST variability, spectral analysis was applied to the time series of SST at 218 
every grid point. Fig. 4 depicts those grid points whose spectral power exceeds the level of 219 
10% significance against the null hypothesis of white noise. The largest amount of points 220 
with significant spectral peaks was found for frequencies of 4 and 7 years (Fig. 4c and 4d 221 
with a total of 1083 and 2079 points, respectively). Consequently, the time series of SST 222 
anomalies at every grid point was time-filtered using 4- and 7-yr moving-averages and the 223 
CEOF technique was applied to these new time series thereafter.  224 
Interestingly, if the CEOF analysis is performed on 4-yr and 7-yr filtered SST time series, 225 
results differ dramatically in terms of the propagation of the anomalies. Fig. 5 and 6 show 226 
the spatial patterns of CEOF1 using 4-yr and 7-yr filtered SST values, respectively. As 227 
expected, the time filtering of SSTs also filters out most of the high frequency related to 228 
ENSO and thus increases the fraction of variance explained now (53.3% and 59.3% for 4- 229 
and 7-yr filtered time series, respectively). The most striking result, though, lies in the 230 
comparison of the structures: for the 4-yr filter, the patterns are very similar to those of the 231 
unfiltered series (Fig. 3) except for weaker anomalies overall. They look similar to those 232 
related to the 7-yr filter but only at phases 135° and 180°, as for the rest of the phases in the 233 
7-yr filtered time series propagation is not visible. In fact, anomalies there show a pulsing 234 
dipolar SST pattern between midlatitudes and high latitudes of the SP around 180-150°W. 235 
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This is confirmed in Fig. 7 by plotting the temporal evolution of the temporal phases of 236 
CEOF1 for unfiltered (Fig. 7a), 4-yr filtered (Fig. 7b) and 7-yr filtered (Fig. 7c) SST time 237 
series. In the case of the unfiltered anomalies, clear propagation is visible between 1985 238 
and 1989 and between 1996 and 1999, both coinciding with strong ENSO variability and 239 
migrations from El Niño to La Niña conditions. For 4-yr filtered values (Fig. 7b) there is 240 
still some propagation but only around 1990. However, when the 7-yr filtered values are 241 
considered (Fig. 7c) it is found that the propagation of the anomalies vanishes and only two 242 
states exist: that at phase 180° (negative anomalies east of New Zealand, positive anomalies 243 
at higher latitudes; Fig. 5e) and the opposite one at phase 0° (Fig. 6a). 244 
The structures of the second mode of CEOF (CEOF2) for unfiltered SST anomalies are 245 
displayed in Fig. 8. This mode explains less than 17% of the variance and is mostly 246 
confined to midlatitudes, showing a west-east propagation of the anomalies within the 247 
South Pacific Gyre. It is interesting to note that part of these anomalies reach the SP region 248 
from the Indian Ocean (this becomes clear at phase 45°). Overall, similar results are 249 
obtained for 4- and 7-yr filtered SST anomalies (Fig. 9 and Fig. 10, respectively), although 250 
differences become noticeable when the temporal evolution of the phase is analyzed (Fig. 251 
11). In this case propagation exists using unfiltered and filtered SST data, but the most clear 252 
pattern is discernable for 4-yr filtering (Fig. 11b) and 7-yr filtering (Fig. 11c), in which a 253 
slow propagation of the SST anomalies is found. This slow mode takes more than 10 years 254 
to complete a full phase cycle, with a maximum of 15 years (between 1996 and 2010) for 255 
the 7-yr-filter case.  256 
Fig. 11 shows the spatial correlations computed on the spatial fields of CEOF1 and CEOF2 257 
at different phases against the three EOFs patterns displayed in Fig. 2a-c. For CEOF1, 258 
correlations are very high when compared to EOF1 at phase 0° but then drop dramatically, 259 
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mostly in line with the tight linkage between this mode and ENSO (Table 1). Much lower 260 
correlation coefficients are attained when comparing against EOF2, but once again values 261 
increase for EOF3, in particular at CEOF1 phases 45°, 90° and 135°.  262 
When correlations with the second leading mode of the CEOF analysis are considered 263 
(CEOF2; Fig. 12b), the only statistically significant correlation coefficients (5% 264 
confidence) are obtained for EOF2. This seems consistent with the zonal propagation of 265 
SST anomalies within the South Pacific Gyre that were discussed previously and that are 266 
present in both EOF2 and CEOF2. It is interesting to note that similar conclusions were 267 
obtained by Ballester et al. (2011) in a paper in which they only considered the region south 268 
of 50°S.  269 
 270 
b. Relationship of SP variability with temperature and precipitation trends and anomalies 271 
in the Southern Hemisphere 272 
 273 
Correlation coefficients computed on the EOF time series against grid-point temperature 274 
and precipitation anomalies are shown in Figs. 13 and 14, respectively. In the case of EOF1 275 
(which as was discussed above is linked to ENSO variability) the correlation patterns of 276 
temperature and precipitation anomalies are consistent with those associated with ENSO: 277 
during La Niña (El Niño) years, warmer (colder) conditions prevail over northern South 278 
America, southeastern Brazil and also over parts of New Zealand, while colder (warmer) 279 
temperatures prevail over northern Australia and most of the Pacific coasts of South 280 
America (Fig. 13a). For rainfall (Fig. 14a), under La Niña (El Niño) more (less) rain falls 281 
over northern Australia and northern South America, and drier (wetter) conditions prevail 282 
over southern Brazil, northern Argentina and Uruguay. 283 
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Regarding correlation against EOF2 and EOF3, EOF2 variability relates to distinct 284 
temperature patterns over most of South America and parts of South Africa (Fig. 13b), 285 
while EOF3 has much weaker (not significant) signal over the same areas and also over 286 
southern Australia (Fig. 13c). In the case of precipitation, correlation coefficients are 287 
overall smaller than in the case of temperature but nonetheless positive and significant over 288 
southeastern South America and negative and significant over northern South America and 289 
central Africa for EOF2 (Fig. 14b), as well as negative and significant over a small region 290 
in central Australia for EOF3 (Fig. 14c).  291 
The relationship between the leading modes of SST variability in the SP region and 292 
temperature and precipitation anomalies discussed above begs the question of whether the 293 
long-term trends observed in the EOFs (Fig. 2d-f) could be linked to those in selected 294 
atmospheric variables. To investigate this issue, Fig. 15 displays the observed trends 295 
(computed as the slope of the least-squares fit; period 1982-2015) in temperature and 296 
precipitation across the Southern Hemisphere. Regarding temperature (Fig. 15a), most of 297 
the continental regions of the Southern Hemisphere have warmed significantly (5% level) 298 
over most of central-northern South America, subtropical Africa and southern Australia. 299 
Some cooling has taken place at the same time over central-western South America 300 
(particularly the Andean region of Bolivia and Peru) and also over parts of the North Island 301 
of New Zealand, but these signals are not significant. Meanwhile, precipitation trends (Fig. 302 
15b) are much less homogeneous, although rainfall increased significantly over northern 303 
Australia and Indonesia and decreased at subtropical latitudes of central Africa and central 304 
South America east of the Andes. 305 
In order to partially explain the observed changes in temperature and precipitation, Fig. 16 306 
shows the regression coefficients of SLP and temperature advection (TADV) anomalies 307 
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(computed respect to their long-term annual means) from the 20th Century Reanalysis upon 308 
the time series of the three EOFs. Fig. 16a displays the pattern associated with EOF1. 309 
Regarding SLP, this pattern is related to higher surface pressures in the subtropical SP 310 
centered near 40°S and a negative SLP anomaly further south that affects southern Chile 311 
and Argentina as well as much of the Antarctic Peninsula (not shown). Recently, Clem and 312 
Fogt (2015) concluded that the strengthening of the cyclonic conditions over that area was 313 
driven by the change in IPO conditions towards its negative phase since the 1990s. Further 314 
west, slightly lower-than-average SLPs affect northern Australia and enhanced anticyclonic 315 
conditions are found south of South Africa. Naturally, these SLP pattern variations (and 316 
their associated changes in surface winds) also drive modifications in low-level TADV. For 317 
instance, the deepening of the southern SP low close to the Antarctic Peninsula leads to 318 
enhanced warm advection over the SP waters off the southern coasts of Chile, while the 319 
intensification of the subtropical SP high pressure system provides warm advection to 320 
much of the Polynesia and, to a lesser extent, to northern New Zealand, which is in fact 321 
found in the regression field of TADV. For EOF2 and EOF3 (Fig. 16b,c), cyclonic 322 
anomalies are weaker than in the case of EOF1 and slightly displaced to the east. Also, the 323 
anticyclonic anomaly appears shifted westwards of (and much weaker than) its EOF1-324 
related position.  325 
Combining results from the EOF interannual variability analysis (Fig. 2) and those 326 
discussed above, it can be seen that the observed positive trend in EOF1 and EOF2 could 327 
have contributed to the strengthening of the positive TADV close to the Antarctic Peninsula 328 
and far southern Chile. Furthermore, the positive trends in EOF1 and in EOF2 might be 329 
partly responsible for the cooling detected over northern Australia and subtropical Africa, 330 
respectively (Fig. 15a). It is worth noting that this reasoning should be taken as a “partial 331 
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attribution” statement. There are obviously other features of the atmospheric variability that 332 
might have also affected temperature and precipitation in the region under analysis and that 333 
are not being taken into account here. For instance, the large and significant warming trend 334 
observed over northern Brazil (Fig. 15a) cannot be explained solely by variability in the SP 335 
basin, so other players must have been acting there. It is also important to mention that very 336 
similar results were derived using NCEP/NCAR Reanalysis I, except for the field related to 337 
EOF3 in which the cyclonic anomaly in the southeast Pacific is found about 1000 km west 338 
compared to the 20th Century dataset (not shown). 339 
  340 
4. Discussion and conclusions 341 
 342 
This paper identified the main modes of interannual SST variability in the SP region using 343 
in situ observations during the period 1982-2015. The region has experienced a noticeable 344 
warming over subtropical latitudes and a gradual cooling towards higher latitudes. The 345 
leading mode of SST variability is associated with ENSO and IPO and displays a horseshoe 346 
structure of SST anomalies covering much of the subtropical SP. Anomalies of one sign 347 
cover the coasts of South America and most of the midlatitudes and anomalies of opposite 348 
sign are found east of Australia and New Zealand, accounting for almost 40% of the 349 
variance. EOF2 and EOF3, on the other hand, are associated with travelling SST anomalies 350 
that propagate along midlatitudes across the SP basin. These propagating SST anomalies 351 
are also in part tropically driven since they are partly triggered by convective activity over 352 
Australia and the Western Pacific as suggested by Guan et al. (2014) and propagate within 353 
the southern South Pacific Gyre, travelling all the way from Australia towards South 354 
America. Renwick and Revell (1999) found that a similar mechanism but in the atmosphere 355 
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explains the propagation of pressure anomalies from the tropical Pacific onto midlatitudes, 356 
helping in the formation of atmospheric blocking in the southeastern SP area. 357 
EOF1 has experienced a positive trend along the period of analysis, mostly in line with the 358 
IPO phase change (e.g. England et al. 2014), and this has as well increased the frequency of 359 
La Niña-like conditions over the SP basin. Trends for EOF2 (which is also related to IPO) 360 
were also positive, while EOF3 had a weak and not significant negative trend.  361 
In summary, SST variability in the SP region is dominated by an extra-tropical mode of 362 
anomalies propagating inside the sub-tropical gyre plus another mode forced by tropical 363 
variability (ENSO and IPO). This was confirmed by CEOF analysis calculated on observed 364 
SST anomalies: the leading mode of variability (CEOF1) was significantly correlated to 365 
ENSO and, taken at different phases, showed the evolution of El Niño to La Niña 366 
conditions over the SP region. The evolution of such anomalies was made clear when 367 
unfiltered SST anomalies were used, as time filtering of the anomalies indicated that no 368 
propagation was found at low (i.e. 7-yr filtered) frequencies. As of CEOF2, the pattern was 369 
related to SST anomalies propagating through midlatitudes and in this case the propagation 370 
was most clear when the low frequency variability only was considered, suggesting a tight 371 
link with the slow IPO-related variability. Still, it should be noted here that although the 372 
way in which SST anomalies propagate within midlatitudes is primarily from the coasts of 373 
New Zealand towards South America, there are periods (e.g. between 2000 and 2005) when 374 
anomalies propagated in the opposite direction as noted in previous works (e.g. Qiu and 375 
Chen 2006; Sasaki et al. 2008). Roemmich et al. (2016) argue that part of this change may 376 
be due to the increase in the anticlockwise circulation within the SP basin that has been 377 
taking place there for the last two decades.   378 
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Correlation analysis indicated that EOF1 is linked to patterns of significant temperature and 379 
rainfall anomalies over continental regions of the Southern Hemisphere. In fact, most of the 380 
signals are consistent with those associated with the different phases of ENSO, which is 381 
something reasonable given the link existing between EOF1 and ENSO. However, results 382 
also showed distinct anomaly patterns for EOF2 and EOF3. In particular, EOF3 related to 383 
cooler (but not significant) conditions over much of South America and southern Africa as 384 
well as over some parts of western Australia. EOF2, in turn, was positively correlated with 385 
temperature anomalies over most of central-northern South America as well as southern 386 
Australia.  387 
The analysis of the patterns of SLP and TADV anomalies under strong phases of the EOFs 388 
suggested that part of the surface warming that occurred over the continental regions of the 389 
Southern Hemisphere may have been related to the positive trends in the IPO-related EOF1 390 
and EOF2 patterns. Undoubtedly, there have also been other mechanisms associated with 391 
circulation changes over the Southern Hemisphere which explain observed changes in 392 
temperature, but SP variability has had at least some contribution. 393 
 394 
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TABLES AND FIGURES 524 
 525 
 526 
 527 
Fig. 1 (a) Annual mean SST (in °C) and (b) trends in SST computed as the slope of the 528 
linear regression of SST anomalies onto the global mean temperature (in K K-1) considering 529 
the whole period, 1982-2015. The black dots in (b) denote those trends that are significant 530 
at the 5% confidence level according to the Mann-Kendall test. 531 
  532 
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 533 
Fig. 2 Leading modes of interannual SST variability in the SP region. (a) First, (b) second 534 
(c) and third EOF structures, with their associated normalized time series (d, e and f, 535 
respectively). The blue lines in (d), (e) and (f) indicate the linear least-squares fitting (i.e. 536 
linear trends). Trends in PC1 and PC2 are significant at the 5% confidence level while that 537 
in PC3 is not significantly different from zero according to a Mann-Kendall test. 538 
  539 
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 540 
Fig. 3 CEOF analysis of annual mean SST anomalies. Spatial structures of CEOF1 541 
(explained variance=43.6%) as a function of time phase ϕ from (a) ϕ=0° to (h) ϕ=315°. 542 
543 
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 544 
Fig. 4 Location of the grid points where spectral peaks at each given frequency exceed the 545 
10% confidence level against the null hypothesis of white noise (blue dots), considering 546 
frequencies of (a) 1/20 yrs-1; (b) 1/10 yrs-1; (c) 1/7 yrs-1; (d) 1/4 yrs-1; (e) 1/3.3 yrs-1; (f) 547 
1/2.8 yrs-1; (g) 1/2.5 yrs-1; and (h) 1/2 yrs-1. The numbers in italic in the upper right corner 548 
of each subfigure indicate the total number of grid points with significant spectral peaks for 549 
that given frequency.   550 
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 551 
 552 
Fig. 5 As in Fig. 3 but using 4-yr filtered SST anomalies. The variance explained by this 553 
mode is 53.3%. 554 
  555 
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 556 
Fig. 6 As in Fig. 3 but using 7-yr filtered SST anomalies. The variance explained by this 557 
mode is 59.3%. 558 
  559 
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 560 
Fig. 7 Time evolution of the temporal phase associated with CEOF1 for (a) unfiltered SST 561 
anomalies; (b) 4-yr filtered SST anomalies; and (c) 7-yr filtered SST anomalies. The angles 562 
of the phase are indicated in the y-axis. 563 
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 565 
Fig. 8 Spatial structures of CEOF2 (explained variance=16.8%) as a function of time phase 566 
ϕ from (a) ϕ=0° to (h) ϕ=315°. 567 
  568 
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 569 
Fig. 9 As in Fig. 8 but using 4-yr filtered SST anomalies. The variance explained by this 570 
mode is 20.8%. 571 
  572 
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 573 
Fig. 10 As in Fig. 8 but using 4-yr filtered SST anomalies. The variance explained by this 574 
mode is 20.4%. 575 
  576 
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 577 
Fig. 11 Time evolution of the temporal phase associated with CEOF2 for (a) unfiltered SST 578 
anomalies; (b) 4-yr filtered SST anomalies; and (c) 7-yr filtered SST anomalies. The angles 579 
of the phase are indicated in the y-axis. 580 
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 582 
Fig. 12 Spatial correlation coefficients between the structures associated with (a) CEOF1 583 
and (b) CEOF2 against the patterns of EOF1 (circles), EOF2 (stars) and EOF3 (triangles) at 584 
CEOFs phases ϕ=0°, 45°, 90° and 135°. 585 
  586 
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 587 
Fig. 13 Correlation coefficients between annual mean anomalies of land surface 588 
temperature and (a) EOF1, (b) EOF2 and (c) EOF3 time series. Black dots indicate 589 
correlations are significant at the 10% level. 590 
 591 
  592 
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 593 
Fig. 14 Regression coefficients of annual total land precipitation regressed upon (a) EOF1, 594 
(b) EOF2 and (c) EOF3 time series. Units are mm yr-1 per unit of variation in the amplitude 595 
of the PCs. 596 
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 598 
Fig. 15 Observed trends in (a) 2-meter temperature (in °C/decade) and (b) annual 599 
precipitation (in mm yr-1/decade) during the whole period 1982-2015. Trends that result 600 
significantly different from zero at the 5% confidence level according to a Mann Kendall 601 
test are highlighted using black dots. 602 
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 604 
Fig. 16 Regression coefficients of anomalies of SLP (lines) and horizontal 2-m temperature 605 
advection (shaded) against the time series of (a) EOF1, (b) EOF2, and (c) EOF3. Positive 606 
(negative) SLP regression coefficients are indicated with full (dashed) lines, every 1 hPa, 607 
with the zero line omitted. Units are hPa and 105 K s-1 per unit of variation in the amplitude 608 
of the PCs. 609 
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Table 1 Correlation coefficients between (rows) PC1, PC2 and PC3 and (columns) N3.4 611 
and IPO. Symbols * and # highlight correlations significant at the 1% and 5% level, 612 
respectively.  613 
 N3.4 IPO 
PC1 -0.730* -0.577* 
PC2 0.180 -0.422# 
PC3 0.219 0.042 
 614 
 615 
